This study has demonstrated kinetic behaviors on the plasma filament propagation with the three-dimensional (3D) Particle-in-Cell (PIC) simulation. When the ion-to-electron temperature ratio T i /T e is higher, the poloidal symmetry breaking in the filament propagation occurs. The poloidal symmetry breaking is thought to be induced by the unbalanced potential structure that arises from the effect of the gyro motion of plasma particles.
Introduction
In recent magnetic plasma confinement experiments, the radial density profile of boundary layer plasmas has been observed to be flatter than the exponential profile expected by the diffusive radial transport [1] . Such a flat profile is thought to be provided by the intermittent filamentary coherent structures along the magnetic field line, which are called "blobs" [2] . The filamentary structures in boundary layers have been observed in various experiments [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (a large number of the experiments are also listed in Tables II and III in Ref. [15] ). In addition, filamentary structures similar to blobs are universally found in astrophysical and space plasmas, e.g., the filamentary structures along the flux tubes on the surface of the sun [16] . Since there is the possibility that such a non-diffusive radial transport damages the vessel wall of a magnetic confinement device, many authors have theoretically and numerically investigated dynamics of the blob propagation on the basis of two-dimensional reduced fluid models [14, 15] . These previous works revealed that the size of a blob, δ b , is on the order of ρ si , where ρ si is defined by ρ si = c si /Ω i , c si is the ion acoustic speed given by (T e /m i ) 1/2 , Ω i is the ion cyclotron frequency, T e is the electron temperature, and m i is the ion mass. This fact indicates that the blob size on the cross-section is slightly larger than the ion Larmor radius. That is, it is possible for some kinetic effects to influence the macroscopic dynamics of blob. Thus, we have studied such multiscale physics on the filament dynamics by using the three-dimensional (3D) electrostatic particle-in-cell (PIC) simulation code [17] [18] [19] [20] [21] . In this paper, we investigate the dependence of the blob behaviors on the temperature ratio between ion and electron, T i /T e , i.e., the ion Larmor radius, with the 3D-PIC code. The 3D-PIC simulation method used in this work is briefly described in Section 2. In Section 3, we show the simulation results, which reveal that the poloidal symmetry breaking occurs in high T i /T e plasmas. In Sections 4 and 5, we offer discussion and summarize our work.
Methods
In this section, we briefly describe the simulation method and configuration. In the 3D-PIC simulation, an external magnetic field is set to be parallel to the z-axis and the magnitude of the magnetic field is given by B = 2L x B Lx /(3L x − x), i.e., ∂B/∂x > 0, where L x is the system size in the x direction and B Lx is the magnetic field strength at x = L x . This means that the −x, y, and z directions correspond to the radial, poloidal, and toroidal directions, respectively. In the y and z directions, the periodic boundary condition is applied. A plasma blob is initially set as a cylindrical profile along the magnetic field between both edges. The initial density profile of the blob in the poloidal cross-section is given by the Gauss distribution with the radial and poloidal widths, δ bx and δ by . The simulation parameters are as follows. The ion-to-electron mass ratio is m i /m e = 100. The external magnetic field strength at x = L x is Ω i /ω pi = 0.5. The radial and poloidal sizes of a blob are δ bx = δ by = 1.94 ρ si . The initial ratio between the ion and electron temperatures is set as T i /T e = 0.01, 0.09, or 0.25. Therefore, the ion Larmor radius is ρ i /ρ si = 0.1, 0.3, or 0.5. In order to confirm some physical properties, any additional collision processes [22] and heat and particle sources are not included in the calculation. Other parameters, e.g., the system size, the number of spatial cells, and the initial blob density amplitude, are the same as those in Ref. [21] . In addition, the detailed descriptions regarding the simulation code and the calculation of the position of the electron center of mass in a blob can be found in Ref. [21] . Figure 1 demonstrates the blob propagations in various T i /T e cases. As shown in Figure 1a where T i /T e = 0.01, the propagation in the radial (−x) direction is observed to be symmetric in the poloidal (y) direction, which is in agreement with the previous results based on the fluid model [23] . However, Figure 1b ,c indicate that the poloidal symmetry breaking in the blob propagation occurs in the high T i /T e cases. The poloidal symmetry breaking induces the poloidal motion of the blob as seen from Figure 2 , which shows the time variations of the poloidal component of the position of the electron center of mass in a blob, y nec . From Figure 2 , it is found that the blob poloidal velocity is larger in the higher T i /T e cases than that in the low T i /T e case. Furthermore, the poloidal motion induced by the symmetry breaking makes the radial propagation slower than the theoretical velocity. Figure 3 represents the time variations of the x component of the position of the electron center of mass in a blob, x nec . We calculate the radial propagation velocity of a blob from these x nec data between Ω i t = 40 and 70, and show the relation between 1 + T i /T e and the observed radial propagation velocity v ob bx in Figure 4 in which the theoretical velocity v th bx represented by the broken line is derived from Equation (33) in Ref. [21] , which is proportional to (1 + T i /T e ) 1/2 . Figure 4 indicates that the observed propagation velocity v ob bx in the high T i /T e case is much slower than the theoretical propagation velocity v th bx . The observed deviation from the theoretical propagation velocity is thought to occur due to the poloidal motion, i.e., the symmetry breaking. The origin of the deviation is discussed in Section 4. It is also found that the deceleration of the radial propagation occurs after Ω i t ∼ 70 in Figure 3 . The deceleration in the final stage may arise from the collapse of the blob shape. In order to investigate the origin of the poloidal symmetry breaking on the blob propagation, the electric potential structure in a blob is analyzed. In a blob, the dipole potential structure in the poloidal cross-section is produced with the charge separation by the grad-B drift. The E × B drift induced by such a potential structure moves the blob and collapses the blob into a mushroom shape as shown in Figure 1a . On the other hand, Figure 5 shows that the peak of the potential hill, ∆φ h = |φ max − φ av |, becomes smaller than that of the potential well, ∆φ w = |φ min − φ av |, in the higher T i /T e cases, where φ max , φ min , and φ av are the maximum, the minimum, and the average values of potential, respectively. On each 1D profile shown in the right panels in Figure 5 , the ratios between the amplitude of the potential hill and the amplitude of the potential well are observed as ∆φ h /∆φ w = 0.911 (T i /T e = 0.01), 0.840 (T i /T e = 0.09), and 0.794 (T i /T e = 0.25). Such an unbalanced dipole potential structure in a blob in the high T i /T e plasma is thought to arise from the broader distribution of positive charge than that of negative charge due to the large ion Larmor radius. In such a potential structure, the E × B drift on the potential well side is more intense than that on the potential hill side. Therefore, more plasma particles are transported to the potential well side and the poloidal symmetry breaking appears. 
Results

Discussion
Here, the deviation of the radial propagation from the theoretical velocity by the unbalanced dipole potential structure in a blob is roughly estimated. We assume that the potential forms on the hill side and the well side are simple elliptical cones as shown in Figure 6a , in which the height and the lengths of the radial and poloidal semi-axes of the base are given by φ 0 , 2δ bx , and δ by , respectively, and that the volumes of each cone are kept constant as V φ = 2πφ 0 δ bx δ by /3. In this simple estimation, the radial propagation velocity without considering the ion gyro motion effect is given by |v bx0 | = φ 0 /(δ by B), where B is the magnitude of the magnetic field. If the lengths of the radial and poloidal semi-axes of the base become 2δ bx ± αρ L and δ by ± αρ L , respectively, on the hill (+)/well (−) side with considering the ion gyro motion effect, the modified heights on each side are obtained as
and
where ρ L is defined by ρ L = ρ i − ρ e , ρ i and ρ e are the ion and electron Larmor radii, respectively, and α is the coefficient for the ion gyro motion effect. Thus, the mean poloidal velocity in the front of a blob is estimated as
Assuming that the magnitude of the blob velocity is kept constant as |v b | = |v bx0 |, the estimation of the radial propagation velocity in the finite T i /T e plasmas is obtained as
where δ * b = 2δ bx δ by /(δ bx + δ by ). This means that v ob bx /v th bx has a linear relation with ρ 2 L , which is indicated by Figure 6b where the relation between (ρ L /δ * b ) 2 and v ob bx /v th bx is shown. In the simulations shown in Section 3, the slightly moderate values are chosen for T i /T e because this paper focuses on the investigation of the fundamental processes and the system size is still small. However, it is often observed that T i /T e > 1 in fusion boundary layer plasmas. In addition, although the dynamics are solved in the 3D space and 3D velocity coordinate in the simulations, the 3D behaviors on the blob dynamics have not been observed clearly because the periodic boundary condition is applied in the z direction and the system size in the z direction is too small for 3D behaviors to appear. We plan to investigate the dynamics in high ion temperature plasmas as T i /T e > 1 and 3D kinetic effects on the blob dynamics with the large-scale simulations where the self-consistent sheath formation in the vicinity of both edges in the z direction is computed. Furthermore, in future work, it is important to investigate kinetic effects on filament dynamics in the detached state with the PIC-MCC (PIC with Monte Carlo collision) code [22] . 
Conclusions
In this work, we have studied the dependence of the blob behaviors on T i /T e as the first step toward the investigation of the multiscale physics, i.e., the dynamics between microscopic and macroscopic hierarchies, in the blob transport dynamics. The 3D-PIC simulations have revealed the poloidal symmetry breaking in the blob propagation in the high T i /T e plasma, which is induced by the unbalanced dipole potential structure in a blob due to the large ion Larmor radius. The poloidal symmetry breaking disturbs the radial propagation of a filament. The ratio between the observed and theoretical radial propagation velocities has a linear relation with the square of the difference between the ion and electron gyro radii.
